Transforming growth factor beta (TGF-␤) signaling and p53 response have pleiotropic, cell type-specific effects on cell cycle progression, differentiation, and tumor suppression, which may converge toward functionally similar outcomes. Transcription activation of genes encoding proteins that mediate cell cycle arrest and/or cell death is shared by TGF-␤ and p53 induction but by unrelated, diverse mechanisms (54) . Loss of function in these tumor suppressor pathways is common among transformed cells, cancer-derived cell lines, and tumors (5, 7; reviewed in references 50 and 83) .
TGF-␤ signaling is mediated by an interwoven series of steps, which are highly regulated and modulated by cross talk with other signaling networks (25, 67) . Briefly, the TGF-␤ signal received by specific serine-threonine kinase receptors is transduced through phosphorylation of ligand-specific intracellular receptor-Smad (R-Smad) proteins, interaction of R-Smads with a common Smad (Smad4), and transport of the R-Smad/common Smad complex to the nucleus. The activated Smad complex can then bind to Smad binding element (5Ј AGAC 3Ј) (SBE)-containing target genes in association with various classes of DNA-binding transcription factors (4, 48, 75, 89) . Activation of Smad target genes is autoregulated, since TGF-␤ stimulation induces expression of corepressors of TGF-␤-responsive genes, the oncoproteins SnoN and Ski. Transcription repression is reestablished as SnoN/Ski proteins interact with DNA-bound Smad proteins, forming a heteromeric complex that can include mSin3A, NCoR, and histone deacetylase (HDAC) (1, 45, 47, 55, 73, 74, 81, 82) .
SnoN is a member of a small family of proteins, premier of which is Ski, first characterized by an ability to promote oncogenic transformation of chick cells (44; reviewed in reference 46) . Ski and SnoN, as well as alternatively spliced SnoN isoforms, have highly conserved domains that are sufficient for transformation and can form homo-and heterodimers (18) . Their action as oncoproteins is highly overlapping, but they exhibit different regulatory functions during development. Ski, but not SnoN, is a corepressor of bone morphogenetic protein signaling (85) , and mice either mutated or null for each gene have different phenotypes (6, 19, 58) . Ski and SnoN also function as tumor suppressor proteins in a cell-specific manner (69, 70) .
The essential role that TGF-␤ signaling plays in normal embryonic development is illustrated through numerous studies with mouse models, Xenopus, and zebra fish embryos (13, 14, 28, 36, 71) . These systems, as well as human genetic disorders and studies with cultured cells, reveal how TGF-␤ functions are influenced directly and indirectly by multiple signaling pathways, including Ras, Stat, NF-B, Wnt, and others (reviewed in references 25 and 49) . More recently, a positive role for p53 function in convergence with TGF-␤ signaling effectors was found in transcription regulation during embryonic development and patterning in Xenopus laevis (20) . Using Xenopus embryos and transfected human cells, the authors showed that p53 and TGF-␤ effectors cooperated to activate Mix.2 gene expression by binding to widely separated p53 and Smad DNA elements in the Mix.2 promoter.
The p53 protein itself is a nuclear target of multiple stressactivated or differentiation-associated pathways (reviewed in references 3, 5, 41, 43, and 63) . Mice null for the TRP53 gene appear developmentally normal; however, further studies show that p53 levels are tightly and critically regulated during embryogenesis (39, 53) . Thus, p53 may have cell-specific or developmental functions, which are masked by compensating family members (reviewed in references 17, 33, and 52). As a transcription factor, p53 binds directly to specific DNA elements to regulate expression of genes that are generally involved in maintaining genome stability and tumor suppression. Characterization of p53-regulated genes by differential, genome-wide expression and bioinformatics analyses supports p53 action as either a transcription activator or a repressor of specific sets of genes (40, 84) .
Our previous studies of differentiation-associated silencing of the hepatic oncodevelopmental tumor marker gene, AFP, revealed that p53 repressed AFP transcription by sequencespecific binding to a distal regulatory element (42) . AFP protein has been reported to act as an immunosuppressor, an antioxidant, and a growth-promoting factor, with aberrantly activated expression levels correlated to size and aggressiveness of liver tumors. Postnatal silencing of AFP expression is disrupted by hepatocellular carcinoma (HCC), liver regeneration, and tissue damage, which promote reentry into the cell cycle (reviewed in references 9 and 16). Reactivation of silenced AFP is also observed during chronic hepatitis B virus infection prior to onset of HCC (reviewed in references 2 and 37).
We describe here a direct, molecular link between nuclear effectors of TGF-␤ signaling and p53 in regulating tumor marker gene expression. A composite SBE/p53 regulatory element (SBE/p53RE), centered at Ϫ850 of the AFP gene, acts as a scaffold where p53, Smads2/4 and SnoN proteins interact to form a complex with histone modifiers. Our findings support a mechanism of SnoN/p53-targeted deacetylation alongside methylation of histone H3K9 at the AFP SBE/p53RE. Neither Smad/SnoN nor p53 binding at the SBE/p53RE is individually sufficient for transcription repression, but together cross talk between these signaling pathways mediates silencing of AFP gene expression.
MATERIALS AND METHODS
Plasmids and transfection assays. AFP/lacZ and DelA/lacZ have been described (72) . For in vitro chromatin transcription reactions, AFP/lacZ was coupled to streptavidin-coated paramagnetic beads as described previously (24) . SnoN and Ski expression plasmids were the kind gift of E. Stavnezer. Hepa 1-6 murine hepatoma cells were transfected using Lipofectamine (Invitrogen, Inc.) per the manufacturer's instructions and as previously described (42) .
Protein expression and cellular extracts. Cellular extracts were prepared from HeLa, HepG2 (AFP positive; ATCC catalog number HB-8065) and Hepa 1-6 (AFP positive; ATCC catalog number CRL 1830) and adult mouse liver as previously described (26, 32) with minor modifications (42) . Xenopus egg extract high speed supernatant was prepared exactly as described previously (24) . Recombinant histidine-tagged p53⌬30 (38) and HBx proteins (34) were prepared as previously described (56) .
Solid-phase protein purification and MALDI analysis. Solid-phase DNA oligomers were generated by annealing the 5Ј-biotinylated p53 regulatory element (5Ј-Bio GATCCTTAGCAAACATGTCTGGACCTCTAGAC) or Ϫ1007 (5Ј-Bio GATCCAATATCCTCTTGAC) (Invitrogen, Inc.) to its complementary strand prior to coupling to streptavidin-coated paramagnetic beads (Dynal). Single-copy and ligated multicopy oligomers gave similar results (Fig. 1A ). Extracts were precleared with 150 ng of nonspecific bead-DNA for 20 min at 4°C prior to a 30-min incubation with specific bead-DNA at 25°C. Approximately 200 ng of solid-phase oligomeric bead DNA was washed one time in 1ϫ phosphate-buffered saline-1% NP-40 and equilibrated in extract buffer prior to addition to binding reactions. Proteins copurified with recombinant p53 protein from adult mouse liver extract on solid-phase oligomers were washed twice in 1ϫ phosphate-buffered saline-1% NP-40 and eluted one time in a solution containing 100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, followed by a second elution in a solution containing 5 M urea, 10 mM Tris (pH 8.0), 100 mM NaH 2 PO 4 . Proteins were separated by denaturing gel electrophoresis and visualized by silver staining. Following staining, specific protein bands were cut out and digested in gel; peptides were purified as described elsewhere (http: //donatello.ucsf.edu/ingel.html). Purified peptides were analyzed using a Voyager DE-PRO matrix-assisted laser desorption ionization (MALDI)-time of flight mass spectrometer (Applied Biosystems) in reflector mode. Spectra were analyzed by using the Protein Prospector MS-Fit algorithm with the NCBInr database (http://prospector.ucsf.edu).
TGF-␤ treatment, RNA isolation, and analysis. Hepa 1-6 cells were treated with TGF-␤1 ligand (2 ng/ml; R&D Systems) or vehicle control (4 mM HCl containing 0.1% bovine serum albumin [BSA]) for 56 h. RNA was isolated at the indicated time points, using the TRIzol reagent (Invitrogen) per the manufacturer's instructions. Northern analysis was performed as described by Carter and colleagues (11) . The probe for AFP was generated by reverse transcriptase PCR (RT-PCR) by using the QIAGEN Omniscript RT-KIT. PCR was performed using the following primer set: AFP 3Ј (ϩ162), 5Ј GGAAAATAGCTC CCAAGTCACAAAGC 3Ј; and AFP start site (ϩ4), 5Ј CCCACTTCCAG CACTGCCTGCGG 3Ј. The probes for SnoN, actin, and cyclophilin RNAs were generated by random-primed, 32 P labeling of their respective cDNA clones (Promega). RNA values were quantified using the IMAGE QUANT software V5.2 (Molecular Dynamics). AFP and SnoN mRNA values were normalized against those of actin or cyclophilin.
For semiquantitative RT-PCR analysis, total RNA from 1-month-old and 2-month-old C57BL/6J wild-type and p53 Ϫ/Ϫ mouse liver tissue was extracted with TRIzol reagent (Invitrogen), and the cDNA was obtained by reverse transcription of 2 g of RNA (SuperScript First-Strand synthesis system; Invitrogen). Primers for AFP and GAPDH primers were as follows: AFP (forward primer, 5Ј-CCCACTTCCAGCACTGCCTGCGG-3Ј; reverse primer, 5Ј-GGCTGCAGC AGCCTGAGAGTC-3Ј), GAPDH (forward primer, 5Ј-TTCACCACCATGGA GAAGGC-3Ј; reverse primer, 5Ј-GGCATGGACTGTGGTCATGA-3Ј).
PCR products were amplified for 35 cycles, separated on 6% polyacrylamide gels, and stained with Sybr Green (Sigma).
Immunoblotting. Immunoblotting was performed as previously described (42) . The primary antibodies used are as follows: p53 (Oncogene Ab1 and Santa Cruz SC-240), SnoN (SC-9141; Santa Cruz), Phospho-Smad2 (07-392; Upstate), Smad4 (06-693; Upstate) (SC-7966; Santa Cruz), AFP (SC C-19; Santa Cruz), and actin (A5316; Sigma).
ChIP. Hepa 1-6 cells were treated with TGF-␤1 ligand at a concentration of 2 ng/ml or vehicle only for 24 h. Following treatment, in vivo chromatin immunoprecipitation (ChIP) assays of cultured cells were performed as described previously (12) with the following modifications: the cell lysate was sonicated eight times with 15-s bursts to yield input DNA enriched for fragments of less than 500 bp in size. The following antibodies were used for the immunoprecipitation reactions: p53 (oncogene Ab1), SnoN (SC9141; Santa Cruz), P-Smad2 (07-392; Upstate), Smad4 (06-693; Upstate), normal sheep immunoglobulin G (IgG) (12-369; Upstate), AcH4 (06-860, ChIP grade; Upstate), AcH3K9 (06-942; Upstate), and DimethylH3K9 (07-212, ChIP grade; Upstate). Primers specific for detection of the SBE/p53RE regions amplified a region from Ϫ887 to Ϫ762 of the AFP gene, and those specific for the start site of transcription were specific for a region from Ϫ82 to ϩ94.
Liver tissue was isolated, cross-linked, and processed for ChIP analyses as described previously (86; also see http://genomecenter.ucdavis.edu/farnham/ farnham/protocols/tissues.html). Modifications to this protocol included preclearing of the chromatin lysate with IgG-bound beads and recovery of antibody precipitates with protein A beads (12, 15) , as well as digestion with MNase (4 units/l; Worthington Biochemicals) after sonication to generate fragments less than 400 to 500 bp in length, if needed, as determined empirically by agarose gel electrophoresis of fragmented chromatin samples.
To analyze specific antibody-bound DNA fractions, quantitative PCRs were performed using Taq polymerase (Continental Labs), and primers were generated to detect the AFP SBE/p53RE region of Ϫ887 to Ϫ762 (forward primer, TAAAAAATAAACTCAACTACATATG; reverse primer, GAAAACTTTTA VOL. 25, 2005 TGF-␤ AND p53 COOPERATE TO REPRESS TRANSCRIPTION 1201
on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ AAACTTCCC). To ensure that the PCRs were in linear range, several serial dilutions of the input DNA and two dilutions of each of the bound DNA fractions were used. In addition, PCR cycles ranging in number from 20 to 26 (hepatoma) or 23 to 27 (liver) were performed for each bound DNA fraction and input. PCR products were separated on 8% polyacrylamide gels and stained with Sybr Green (Sigma). DNA bands were visualized and quantified as described above. The percent input bound was calculated by dividing the value of the bound fraction by the values of each of the input dilutions in the linear range and multiplying by the respective dilution factor of the input. Quantifications from multiple individual experiments were taken, and the average values were plotted graphically by using XCEL software (V10). Error bars represent the standard errors of the means. In vitro ChIP assays were performed on in vitro chromatin-assembled DNA templates exactly as previously described (57) . Results were quantified using ImageQuant analysis (Molecular Dynamic). Values are expressed as percent bound normalized to IgG control. RNA interference assay. Small interfering RNA (siRNA) constructs targeting murine SnoN and murine p53 were designed as described at katahdin.cshl.org (9331/RNAi/html/docs/Web_version_of_PCR_strategy1.pdf). Briefly, constructs which encode short-hairpin RNAs (shRNAs) transcribed from the U6 promoter were generated by PCR, using a pGEM U6 promoter template as previously described (35) . The amplification reaction was carried by using a 5Ј primer corresponding to the SP6 site of the U6 promoter cassette and a long 3Ј primer complementary to the 3Ј end of the promoter followed by sequences encoding SnoN and p53 shRNA and a polymerase III termination sequence. shRNA sequences encoding inverted repeats of 17 to 19 bp separated by a 9-nucleotide spacer were designed by using the siRNA target finder (http://www.ambion.com /techlib/misc/siRNA_finder.html). The most effective target shRNAs corresponded to nucleotides 1232 to 1250 of the murine p53 cDNA and 761 to 779 of the murine SnoN cDNA. The resulting PCR products were cloned directly into the pGEM-T Easy Vector (Promega) as per the manufacturer's instructions. Transient transfections of the shRNAs were carried out using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer.
HepG2 extract immunodepletion and chromatin transcription. HepG2 wholecell extract was immunodepleted by using SnoN antibody (Upstate) cross-linked to protein A agarose beads (Pierce). Extract was incubated with antibody beads for 1 h at 4°C. The effectiveness of the immunodepletion was judged by immunoblotting 40 g (input) of control HepG2 extract protein alongside an equal amount of depleted extract protein (supernatant) and the boiled, SnoN antibody and IgG beads (pellet) used in depletions. Solid-phase AFP DNA templates were incubated with control or SnoN-immunodepleted HepG2 extract in the presence or absence of recombinant p53 protein for 20 min prior to chromatin assembly and in vitro transcription (24) .
HDAC assay. HDAC assays were performed exactly as described in the work of Carmen et al. (10) .
FIG. 1. A TGF-␤ effector protein is purified from hepatic cells in the presence of the p53 protein. (A) Purification of SnoN protein.
Solid-phase DNA oligomers, either biotinylated, 31-bp p53RE single-copy (lanes 3 to 6), ligated p53RE multimers (lanes 7 to 10), or single-copy, Ϫ1007 control (lanes 11 to 14) sequences, were incubated with 100 g of total protein of adult mouse liver nuclear extract (ML, input extract; lane 2), in the presence of recombinant p53 (p53 alone; lane 1, recombinant protein stabilized by addition of BSA). Following binding, bead-DNA-protein complexes were washed, eluted, and then separated by denaturing gel electrophoresis alongside extract proteins not binding to DNA (unbound, lanes 3, 7, and 11). The gel was silver stained; eluted p53 (dagger, lanes 6 and 9) and a protein enriched in the presence of p53 (asterisk, lanes 5 and 9) were analyzed by MALDI mass spectrometry. (B) In vivo ChIP analysis of wild-type and p53-null mouse liver tissue. PCR analysis of antibody-precipitated genomic fragments was conducted with primers amplifying the region of the SBE/p53RE. Sonicated fragments of formaldehyde-cross-linked chromatin from 2-month-old wild-type (WT) and p53-null mouse liver tissue were antibody precipitated with tetra-acetylated histone H4 antibody (AcH4), Smad4, p53 (Ab-1), SnoN, P-Smad2, or control IgG. (C) Quantifying in vivo ChIP of Smad4 and P-Smad2 binding to the SBE/p53RE and distal genomic sites in WT and p53-null mouse liver tissue. Chromatin lysates were serially diluted (Input) and PCR amplified as described above to determine a linear range of amplification for all lysates. Antibody-precipitated fragments of DNA bound to Smad4 and SnoN were quantified by comparison to this range of values (% Bound). (D) Semiquantitative RT-PCR analysis of AFP RNA. RNA was isolated from 1-and 2-month-old WT and p53-null mouse liver tissue and analyzed in parallel for determination of GAPDH control RNA levels and AFP RNA levels.
RESULTS

Purification of SnoN protein.
Our previous studies showed that p53 mediated repression of AFP gene expression by binding specifically to a p53 regulatory element (p53RE) within the 5Ј distal regulatory region of AFP (Ϫ860 to Ϫ830), but transcription repression occurred only in liver-derived cells in vivo or extracts of liver-derived cells in transcription assays in vitro (42, 56, 57) . These results led us to isolate potential corepressors that act with p53 to repress transcription. We incubated paramagnetic bead-bound p53RE or control oligomers (Ϫ1007 to Ϫ977 of AFP) in transcription extracts prepared from adult mouse liver nuclei (32) (Fig. 1A , ML) in the presence of recombinant p53 protein. We analyzed proteins eluted sequentially from the p53/p53RE-protein complexes (E1 and E2) by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining of the gels. One protein band doublet, which was p53RE specific (compare lanes 5 and 9 to 13), migrated between 68 and 94 kDa (lanes 5 and 9; see also supplemental Fig.  S1 ). This protein was absent from control oligonucleotide incubations, which also did not bind p53 (Fig. 1A , lanes 12 to 14), but interacted with the p53RE oligonucleotides in a p53-dependent and tissue-specific manner (supplemental Fig. S1A and B).
The p53RE-specific protein band was excised, treated with trypsin, and subjected to MALDI-time-of-flight mass spectrophotometry analysis. Spectra were analyzed using the Protein Prospector MS-Fit algorithm against the NCBInr database, which revealed the likely identity of the protein as oncoprotein/ corepressor SnoN (four peptides within 0.01 to 0.06 Da of the computed mass). TGF-␤ signaling is autoregulated by induced expression of the SnoN protein, which is targeted to TGF-␤-regulated genes by interaction with DNA-bound Smad proteins (reviewed in reference 45). This identification of SnoN was surprising, since it suggested that the p53 and TGF-␤ pathways might intersect at a single, overlapping regulatory element to promote transcription repression, which has never been reported previously.
Examination of the AFP p53RE site revealed tandem, consensus SBEs. The SBEs are defined by a minimal core (5Ј AGAC 3Ј) amid varied sequence representation and bind Smad2/3/4 proteins (and subsets thereof) only in the presence of other transcription factors that serve a stabilizing and/or targeting function for DNA binding (reviewed in reference 67). The p53RE, centered at Ϫ850 relative to the AFP start site of transcription, is now referred to as an SBE/p53RE to reflect the presence of overlapping p53 and putative Smad protein binding sites ( Fig. 2A) .
Endogenous p53, Smad, and SnoN bind to chromatin in vivo. We performed ChIP analyses of normal mouse liver and p53-null mouse liver tissues isolated from 2-month-old mice to assess potential interactions of p53, Smad, and SnoN proteins with AFP chromatin in vivo (Fig. 1B and C) . AFP expression is developmentally repressed and undetectable by Northern blot analysis within 2 to 3 weeks after birth (77) . Using semiquantitative RT-PCR analysis of RNAs isolated from normal mouse liver tissue at 1 and 2 months of age, AFP expression is detectable at 1 month but fully repressed within 2 months. However, in p53-null mice, AFP expression is maintained even at 2 months of age (Fig. 1D) . Antibody-mediated precipitation of fragmented chromatin from formaldehyde-cross-linked mouse liver lysates and PCR amplification (ChIP) showed that AFP repression in normal mouse liver (Fig. 1B, 2 -month WT) correlated with the presence of chromatin-bound Smad4, phosphorylated Smad2 (P-Smad2), p53, and SnoN proteins at the SBE/p53RE in vivo. ChIP analyses of endogenous protein binding at the AFP SBE/p53RE in p53 Ϫ/Ϫ mice suggest that recruitment of the SnoN protein to the SBE/p53RE site within the developmental repressor region of AFP is p53 dependent (Fig. 1B, 2 -month p53-null). In the p53-null (Ϫ/Ϫ) mouse liver we see an absence of the SnoN protein concomitant with a lack of p53 binding, while binding of Smad4 and P-Smad2 is maintained.
To quantify Smad4 and SnoN chromatin binding at the SBE/ p53RE, antibody-precipitated samples were PCR amplified (Fig. 1C) . The percent SnoN protein binding to the SBE/p53RE is increased almost sevenfold in the presence of p53 (2-month wild type) and is equivalent to bound Smad4 protein levels. However, in the absence of p53 (2-month p53-null), very little chromatin-bound SnoN protein is detectable. Smad4 and P-Smad2 binding (Fig. 1B) is observed even in the absence of p53, although the levels of bound Smad4 are decreased twofold. A number of controls, including PCR amplification of AFP regulatory sites distal to the SBE/p53RE (AFP start) of sequence within the same genomic locus (albumin) and at separate chromosomal sites (Brn-3b and GAPDH genes) affirmed the specificity of ChIP analyses (Fig. 1C) . p53 and TGF-␤ nuclear effectors act through a composite DNA regulatory site. We performed transient-transfection studies to establish a direct, functional link between SnoN and regulation of AFP expression (Fig. 2A ). An AFP reporter construct with approximately 3.8 kb of upstream AFP regulatory sequences fused to a bacterial ␤-galactosidase lacZ gene (AFP/ lacZ, gift of B. Spear) was introduced into mouse hepatoma (Hepa 1-6) cells, which express p53 protein that can be stress activated (42) . The baseline expression driven by AFP regulatory sequences was repressed more than fourfold when p53 protein was coexpressed. Transfections with DelA/lacZ, which harbors a deletion and altered bases within the p53-binding site ( Fig. 2A , sequence: deletion in shaded area), confirmed our previously published finding that p53 represses AFP transcription by binding to the SBE/p53RE (42) .
Overexpression of SnoN protein repressed the AFP-driven lacZ reporter construct more than p53 (10-fold compared with 4-fold, respectively). Introduction of both exogenous p53 and SnoN expression induced slightly more repression (12-fold). The DelA/lacZ construct is mutated in a way that eliminates the 5ЈSBE while the 3ЈSBE remains intact. To assess if endogenous p53 contributed to SnoN-mediated repression of AFP, we cotransfected SnoN and the DelA/lacZ reporter, mutated for p53 binding, and saw an 87% loss in SnoN-mediated repression (1.3-fold versus 10-fold).
We compared SnoN and Ski function in regulation of hepatoma-specific AFP expression by transient transfection of each in Hepa 1-6 cells (Fig. 2B) . Unlike the case with SnoN, overexpression of Ski had little effect on AFP reporter expression and, surprisingly, reversed p53-mediated repression rather than increasing it. Expression of all three proteins (p53, Ski, and SnoN) to equal levels (data not shown) inhibited the 5-fold activation by p53 and Ski but did not repress AFP expression beyond the minor amount seen with Ski alone. We have not determined the reasons behind opposing Ski and SnoN modulation of p53-regulated transcription. We have focused here on understanding the mechanisms of SnoN-specific roles in p53-mediated transcription repression.
Regulation of endogenous AFP expression by TGF-␤1 ligand. We treated AFP-expressing, Hepa 1-6 hepatoma cells with increasing concentrations of TGF-␤1 ligand or its vehicle and determined endogenous AFP, p53, Smad4, and P-Smad2 protein levels by immunoblotting of cell lysates (Fig. 3A) . This series of treatments was conducted after serum starvation of Hepa 1-6 cells for 24 h, which induced p53 protein levels without repressing AFP (compare lanes 1 and 2) . Increasing amounts of TGF-␤1 ligand added to the cell culture medium maintained activated p53 levels and promoted AFP repression, concomitant with the appearance of P-Smad2 protein (lanes 3 to 7). Available antibodies for Smad3 protein cross-reacted with other Smad proteins; therefore, we restricted our analysis to P-Smad2, which could be detected specifically. Addition of vehicle only (lanes 8 to 12) did not induce P-Smad2 and had no effect on AFP protein levels. Although p53 is activated by serum starvation of the cells (lane 2), AFP repression is not observed in the absence of TGF-␤ ligand (lanes 8 to 12) .
We set up a timed exposure of Hepa 1-6 cells to TGF-␤1 ligand and analyzed the levels of stable AFP and SnoN RNA populations by Northern blotting (Fig. 3B) . TGF-␤1 activated SnoN expression within 2 h, as previously reported (73) 
Corepressors of TGF-␤ signaling, Ski and SnoN proteins, are found at high levels in a number of tumors and tumorderived cell lines, such as those for human melanoma, breast cancer, and esophageal cancer (51, 60, 74) . Comparison of cell extract proteins isolated from untreated (0 h) and vehicletreated (24 h) Hepa 1-6 cells by immunoblotting confirmed that SnoN is also abundant in our tumor-derived, cultured hepatoma cells (Fig. 3C) . Addition of TGF-␤1 ligand for 2 h induced phosphorylation of the Smad2 protein (P-Smad2) and, as previously reported, degradation of the SnoN protein (reviewed in reference 67). Continued TGF-␤1 treatment led to a recovery in SnoN protein levels in parallel with SnoN RNA expression (Fig. 3B) . Only when the nuclear SnoN, P-Smad2, and p53 proteins were detectable, 24 h after addition of TGF-␤1 ligand, was there a noticeable decrease in secreted AFP protein present in cytoplasmic extracts of these cells (Fig.  3C ).
p53 and TGF-␤ effectors bind AFP chromatin at the SBE/ p53RE in vivo. We determined whether endogenous p53, Smad4, P-Smad2, and SnoN proteins were associated with chromatin at the SBE/p53RE when AFP is maximally repressed by TGF-␤1 (24-h time point). ChIP assays were performed with mouse Hepa 1-6 cells, which were exposed to ligand or vehicle, cross-linked with formaldehyde, and processed to yield sonicated chromatin fragments of 500 bp or less, in association with bound proteins. A graphic summary of multiple ChIP analyses of three to four independently isolated chromatin lysates, vehicle and ligand treated in parallel, is shown (Fig. 4A) . After reversal of cross-links, PCR-amplified, antibody-precipitated DNA was quantified by comparison to input DNA populations in the linear range of analysis, as shown in Fig. 1C . Representative PCR results for all proteins in both vehicle-and ligand-treated cells are shown for two concentrations of bound chromatin fragments and a range of input values (supplemental Fig. S2) .
We found that TGF-␤ ligand treatment of Hepa 1-6 cells induced binding of Smad4, P-Smad2, p53, and SnoN proteins to AFP chromatin at the SBE/p53RE. P-Smad2 protein showed a 5.4-fold-increase in binding to this site, which was roughly equivalent to the increase observed in bound p53 and SnoN proteins (fourfold and sevenfold, respectively) (Fig. 4A) . Surprisingly, Smad4 protein showed an even greater level of 1C) . Both Smad4 and SnoN are readily detectable as soluble proteins in untreated Hepa 1-6 cell lysates (Fig. 3 ) but bind to chromatin only when Smad2 is activated by phosphorylation. TGF-␤ ligand effects chromatin modification at the site of p53, SnoN, and Smad protein binding. A global view of transcription repression is that it is associated with histone deacetylation, while activation correlates with histone acetylation. More-detailed analyses of multiple genes under various conditions reveal that specific posttranslational marks are present within histone N-terminal tails as well as the histone core region. Unique combinations of these posttranslational modifications establish local and global patterns of chromatin modifications that may dictate downstream functions (62, 79) . Analysis of histone modifications present at the SBE/p53RE within cells treated with TGF-␤1 ligand or vehicle revealed only little change in histone H4 acetylation with use of an antibody raised against multiple acetylated lysine residues within the amino-terminal tail (AcH4, possible acetylation sites K5, K8, K12 and K16) (Fig. 4B) . However, there was a fivefold decrease in histone H3 acetylation at lysine 9 (AcH3K9) with 24 h of TGF-␤1 ligand treatment; and, interestingly, a general marker of gene repression, dimethylation of H3K9 (diMetH3K9), increased 2.5-fold in parallel with decreased acetylation at H3K9. Thus, acetylation levels of histone H4 were unaltered but specific repression-associated, individual lysine modifications at histone H3 were observed. These findings compare well with those of in vitro chromatin analyses, which also showed minimal effects on histone H4 acetylation levels and greater consequences for histone H3 modification in the presence of p53 (see below).
Depletion of SnoN or p53 disrupts TGF␤-mediated repression of AFP expression. We performed siRNA-targeted depletion of SnoN and p53 in Hepa 1-6 cells to test our hypothesis that each protein is essential for repression of AFP. We depleted endogenous SnoN, p53, or both by transfection of plas- (Fig. 5A) . A subset of these siRNA constructs for SnoN and p53 was effective in reducing the protein concentration of the specific target: SnoN protein was reduced 7-fold and p53 decreased 2.8-fold, each by their respective target 1 shRNA construct. Immunoblotting with an actin-specific antibody showed that there were no measurable, nonspecific effects on protein expression. The effects that knockdown of SnoN, p53 or the two together have on AFP repression were assessed by RNA isolation and Northern blot analysis of AFP RNA levels, as well as a cyclophilin RNA loading control (Fig. 5B) . Hepa 1-6 cells were transfected with control and target-specific siRNA constructs (target 1 clones for SnoN and p53, respectively). Twenty-four hours posttransfection, these cells were treated with ligand or vehicle only for 24 h prior to RNA and cell extract isolation. The level of specific knockdown was assessed by immunoblotting of siRNA-treated and control nuclear extracts (Fig. 5C ). TGF-␤1 ligand effectively repressed AFP transcription levels in the absence of siRNA treatment, as well as in control, luciferase siRNA-targeted cells (Fig. 5B) . Knockdown of either p53 or SnoN disrupted repression of AFP expression by TGF-␤1. Interestingly, depletion of both SnoN and p53 proteins also disrupted AFP repression but did not increase this loss in an additive manner. This suggests that the two tumor suppressor pathways may act cooperatively in ligandmediated repression of AFP.
p53 recruits histone deacetylase activity to the SBE/p53RE. Linear DNA coupled to paramagnetic beads can be assembled into chromatin in vitro by addition of X. laevis egg extract (Fig.  6A) (21, 22) . Assembled chromatin can then be analyzed at the structural level or for transcription function in vitro. We showed previously that AFP DNA assembled into chromatin transcribes with tissue and developmental specificity in vitro (21, 23, 24) . Addition of protein extracts isolated from AFPexpressing cells (e.g., newborn mouse liver, HepG2, or Hepa 1-6) during chromatin assembly establishes active AFP chromatin. However, extracts of cells that do not express AFP (e.g., HeLa or adult mouse liver) or buffer only, added during chromatin assembly, establish chromatin that is repressed for transcription.
Recently, p53 and activated Smad2 protein, present in activin-treated, human HepG2 cells, were found to bind their respective regulatory elements, separated by approximately 100 bp of DNA, and cooperatively induce transcription of a specific subset of genes (20) . We used extracts of HepG2 cells in our in vitro chromatin system to determine the direct effects of p53 addition on AFP chromatin structure and function in the absence of TGF-␤ signaling (Fig. 6A) . As in other tumorderived cells, SnoN protein is abundant in the absence of TGF-␤ ligand addition (data not shown), but unlike many other cultured cell lines, the p53 gene is wild type in HepG2 (20) . Use of recombinant p53 protein, which binds DNA constitutively when the C-terminal 30 amino acids are deleted (38) , permitted analysis of p53 function in vitro without stressinduced activation.
ChIP assays were performed on in vitro-assembled, AFP chromatin (Fig. 6B) , purified by magnetic concentration, washed, and then cross-linked with formaldehyde prior to mi- FIG. 4 . Downstream effectors of TGF-␤ and p53 are recruited to SBE/p53RE in vivo and effect chromatin modifications in response to TGF-␤ treatment. (A) Chromatin immunoprecipitation of proteins binding to the AFP SBE/p53RE. ChIP assays of SBE/p53RE were performed with Hepa 1-6 cells treated with a 2-ng/ml concentration of TGF-␤1 (black bars) or vehicle control (gray bars) for 24 h. Immunoprecipitation of formaldehyde-cross-linked lysate was performed using 1.5 g of antibody specific for p53, 3 g of SnoN, 5 g of Smad4, and 5 l of P-Smad2 antibodies followed by PCR using oligonucleotides specific for the SBE/ p53RE. As negative controls, lysis buffer alone was added to the immunoprecipitation or lysate was incubated with 5 g of anti-IgG (see supplementary Fig. S2 ). PCRs using oligonucleotides specific for the AFP start site were also performed as an additional test for antibody specificity. Graphs indicate the average values of percent input bound calculated from multiple experiments and the standard error of the mean. n-fold changes of ligand versus vehicle control are shown below each data set. (B) Deacetylation and concomitant methylation of histone H3 lysine 9 is targeted at SBE/p53RE in response to TGF-␤ signaling. ChIP assays were performed as described above, except that 5 g of anti-AcH4, 5 g of anti-AcH3K9, and 5 l of anti-diMetH3K9 antibodies were used for ChIP of formaldehyde-cross-linked chromatin lysates. Graphs indicate the average values of percent input bound calculated from multiple experiments and the standard errors of the means. n-fold changes are shown below each data set. crococcal nuclease digestion to mono-and dinucleosomal fragments, as we previously described (57) . Antibody-precipitated fragments were heated to reverse the cross-links, purified, and analyzed by Southern blotting for specific regions of AFP DNA associated with acetylated histones H3 and H4. The average values from two to three assays are summarized in the graph, and a representative Southern blot analysis is shown. These assays were repeated for sites across the entire AFP DNA template, from Ϫ2000 to ϩ3300 (Fig. 6C) . AFP chromatin, incubated with HepG2 extract in the absence of p53 in vitro, Diagram of in vitro chromatin assembly and analysis. AFP bead DNA is preincubated with protein extracts and/or recombinant p53 protein prior to chromatin assembly over a 1-h incubation in X. laevis (Xl) egg extract. Assembled chromatin bead DNA is then washed in an isotonic buffer prior to functional assay by transcription in HeLa extract or structural analysis by ChIP and HDAC assays. (B and C) p53 triggers deacetylation of local and distal chromatin. ChIP assays (two to three independent assays for each data point) were performed in vitro on AFP/lacZ DNA, which was chromatin assembled in the presence of HepG2 whole-cell extract or HepG2 plus 500 ng of activated p53. DNA was purified from protein-chromatin immunoprecipitates and analyzed for percent SBE/p53RE and transcription start site DNA bound to acetylated histone H3 (AcH3) or histone H4 (AcH4) by Southern blotting with labeled (B) SBE/p53RE or start site (ϩ4 to ϩ26) oligonucleotides or (C) across the AFP templates with oligonucleotides specific for ϩ10/ϩ32, Ϫ140/Ϫ118, Ϫ327/Ϫ305, Ϫ520/Ϫ398, Ϫ800/Ϫ778, Ϫ2637/Ϫ2615, and ϩ3339/ϩ3361. Representative data are shown below the summary graph (B). (D) p53-dependent HDAC activity at SBE/p53RE. Immobilized SBE/p53RE DNA oligomers were incubated in 100 g of HepG2 extract, either tryptic soy agar treated (10 M; black bars) or untreated (gray bars), in the presence or absence of recombinant, activated p53. Protein complexes bound to the oligomers were washed and incubated with in vivo-labeled, 3 H-acetylated histones, which were isolated and purified. HDAC enzymatic activity was measured by scintillation counting of released was composed of acetylated nucleosomes between the SBE/ p53RE (p53RE, Ϫ850) and the core promoter (start site, ϩ1) region, with histone H3 more highly acetylated than H4. Addition of p53 during chromatin assembly induced a significant decrease in the level of histone H3 acetylation across the AFP 5Ј regulatory region from Ϫ850 to ϩ25, while acetylation of histone H4 tails was minimally reduced in response to p53 protein. The specific, p53-mediated effect on H3 acetylation was the same as that observed in vivo after TGF-␤1 ligand treatment of Hepa 1-6 cells (Fig. 4) . The 5Ј enhancer region of AFP (Ϫ2000) and plasmid DNA sequences (ϩ3300) exhibited minimal histone acetylation (Fig. 6C) . These effects of p53 on histone modification show an exact parallel with HDAC enzymatic activity (Fig. 6D) . Protein pulldown assays, as described for ML extract (Fig. 1A and supplemental Fig. S1 ) were performed with HepG2 extracts. Purified bead-bound SBE/p53RE protein complexes were incubated with purified 3 H-acetylated histones and assayed as described previously (10) . Release of [
3 H]acetyl groups from 3 H-acetylated histones occurs as a result of HDAC enzymatic activity and is quantified by scintillation counting. Inclusion of p53 in HepG2-derived protein complexes bound at the SBE/p53RE increased total HDAC activity more than twofold.
SnoN protein is required for p53-mediated repression of AFP transcription in vitro. In parallel with a p53-targeted increase in HDAC activity, ChIP analysis of AFP chromatin, assembled in vitro in the presence of HepG2 extract, revealed that addition of recombinant p53 protein more than doubled the amount of SnoN protein, present in HepG2 extract, which is associated with cross-linked chromatin fragments at the SBE/p53RE (Fig. 6E ). These data, taken together with in vivo ChIP assays of wild-type and p53 Ϫ/Ϫ liver tissue, support a mechanism whereby p53 may recruit SnoN and histone deacetylase complexes and/or stabilize their association with AFP chromatin,
We examined the ability of p53 to repress transcription of activated AFP chromatin assembled in the absence of SnoN protein. To this end, we immunodepleted HepG2 extract of endogenous SnoN protein (immunoblot of control and depleted extract as well as bound SnoN; Fig. 6F , top) and compared the ability of SnoN-depleted, mock-depleted, and control HepG2 extract to establish p53-responsive AFP chromatin in vitro (bottom). We transcribed these chromatin-assembled templates in vitro as previously described (21) . Chromatin assembly in Xenopus egg extract in the absence of transactivating proteins is highly repressive for transcription of AFP (ϳ25-fold repression, lane 2, compared to naked AFP bead-DNA transcribed in lane 1). Chromatin transcription is activated to levels achieved by naked DNA when AFP bead-DNA is assembled into chromatin in the presence of control HepG2 extract (lane 3). Chromatin assembled in the presence of recombinant, constitutively activated p53 protein and control HepG2 extract was repressed for AFP transcription up to 2.9-fold (lanes 4 and 5), as shown previously (56, 57) .
The ability to activate AFP chromatin transcription was unaffected by immunodepletion of SnoN protein from HepG2 extract (Fig. 6F, lane 6) . However, constitutively activated p53 was unable to repress transcription of AFP chromatin assembled in the presence of SnoN-depleted HepG2 extract (lanes 7 and 8). Control mock depletion with IgG removed some SnoN protein from the HepG2 extract (immunoblot, top) and reduced p53 responsiveness of the assembled chromatin (lane 10). Taken together, these data suggest that p53 cannot repress AFP chromatin transcription in the absence of SnoN protein in human tumor cell extracts and further support a reciprocal link between p53 and the TGF-␤ pathway.
DISCUSSION
We used affinity chromatography to purify a protein from normal liver and hepatoma cell extracts that interacts specifically with a defined p53 regulatory element, one that functions in transcription repression of the AFP gene during liver development. Once this protein was identified as the SnoN corepressor of the TGF-␤ pathway, we established that this association occurs in vivo and is p53 dependent by comparing normal and p53-null adult mouse liver tissue. We defined a mechanism for the observed downstream effects on chromatin structure and transcription regulation in vivo and in vitro using hepatoma cells. ChIP analyses revealed that SnoN interaction correlated with p53 binding of chromatin at a regulatory element composed of intercalated p53-and Smad-binding consensus sequences. Taken together, our data support a model of p53-and TGF-␤-mediated alterations in protein complexes that interact with a composite SBE/p53RE and effect chromatin modification.
Database scanning for the consensus sequences of p53 and Smad protein binding sites revealed that they overlap to form a potential, composite p53/Smad regulatory element at more than 50 loci within the human genome (S. Zhao, personal represents average values from multiple experiments and standard deviations of the means. (E) p53-dependent SnoN association at the SBE/p53RE. A series of ChIP studies (Ն3 for each data point) were performed as described above. Values for percentage of SnoN bound relative to input at the SBE/p53RE in the presence and absence of recombinant p53 were normalized to antibody (Ab) control reactions. Probes used for Southern blots of precipitated DNA were labeled SBE/p53RE oligonucleotides or Hinc450 oligonucleotides (ϩ3333 to ϩ3356), which will detect nonspecific binding to AFP/lacZ DNA. 1 and 2) in the presence of recombinant p53 (500 ng, lanes 4 and 7; 1 g, lanes 5, 8, and 10) or p53 dialysis buffer (lanes 1 to 3, 6 and 9) prior to chromatin assembly. Chromatin-assembled DNA templates were washed in nuclear extract buffer and in vitro transcribed in HeLa nuclear extract. Chick ␤-globin (50 ng) DNA was added during the transcription period as an RNA recovery control (57) . AFP and Globin primer extension products are indicated. n-fold changes of transcribed AFP in vitro RNA signals are shown below each data point. (84) . Interestingly, in this work, global expression profiling of both p53-mediated activation and repression of gene transcription showed AFP as the most highly p53-repressed gene. p53 can act as either a transcription activator or a transcription repressor depending on DNA sequence and/or cell specificity. Promotion of transcription repression, versus activation, by TGF-␤ signaling in concert with p53 may rely on action through an intercalated, composite regulatory element, as shown here, and tissue-specific expression of corepressor or activator complexes. Heteromeric interactions between Smad4, R-Smads, and conserved domains of Ski are sufficient for repression of Smaddependent transcription of synthetic, SBE reporter constructs (81) . The elegant studies of Piccolo and colleagues show that p53 and TGF-␤ cooperate in transcription activation of a specific subset of genes by binding to regulatory elements separated by more than 100 bp (20) . They find that p53 binds its regulatory element in a transfected Mix.2 promoter in the absence of activin ligand, but both p53 and Smad binding are needed for full transcription activation. Activin did not induce activation of the p53 protein, but activated R-Smad (Smad2) exhibited protein-protein interactions with p53, which was purified by affinity for DNA lacking an SBE.
We found that the TGF-␤ ligand induces endogenous AFP chromatin association of both the p53 and Smad2/4 complexes, although the sequence of this process during embryonic development remains to be determined. HNF-3 (FoxA) is expressed early in development and is an important, endoderm-enriched activator of hepatic gene expression, including that of AFP (88) . Winged-helix transcription factors, which include FoxA, can recruit active Smad protein complexes to their binding elements (30) . FoxA binds to the 30-bp SBE/p53RE in the absence of p53 and is excluded from the protein-SBE/p53RE complex in the presence of p53 in vitro (42) . Thus, Smad proteins interacting with FoxA and SBEs may play a role in AFP activation during embryogenesis prior to p53 activation, which occurs in postnatal mouse liver (42) .
The ability of Smad4, P-Smad2, and corepressor SnoN to bind chromatin simultaneously is predicted from the crystal structure of Smad4 and Ski protein domains and in vitro protein-binding assays (87) . Chromatin binding of p53 at the histone-acetylated SBE/p53RE region promotes the interaction of corepressor SnoN and HDAC complexes (and likely a histone methyltransferase), altering chromatin structure concomitantly with AFP repression. p53 may promote the binding of SnoN to the DNA-bound, Smad protein complex by direct protein-protein interactions with SnoN and/or by inducing a specific conformation of Smad proteins that exposes interactive surfaces for SnoN binding. Extrapolating from studies of Ski and Smad proteins, SnoN is likely to interact with Smad heteromeric complexes at multiple, potential binding surfaces (59, 81) .
There have been previous hints that the p53 and TGF-␤ pathways could somehow modify each other, although the majority of their downstream effects have been ascribed to independent functions. Mutation of p53 reduces the ability of TGF-␤1 to inhibit growth of human bronchial epithelial cells (31) and to stimulate the growth of mesenchymal murine fibroblasts (27) . TGF-␤1 treatment of rat liver epithelial cells and immortalized human cervical cells induced apoptosis and/or cell cycle arrest, concomitant with p53 activation (61, 76) . HBx, the only transactivator protein encoded within the hepatitis B viral genome, can disrupt regulation of a subset of target genes in both TGF-␤ (68) and p53 signaling pathways (29, 56, 78, 80) . These links, which underscore the variety of p53 and TGF-␤ responses, have now been extended to growth control during development (20) .
The biological consequences of the p53 and TGF-␤ pathways acting in synergy are likely influenced by a number of cisand trans-acting modifiers. Cellular levels of TGF-␤ corepressor proteins, SnoN and Ski, are tightly controlled by multiple mechanisms. Overexpression leads to transformation of certain cell types (8, 44 ; reviewed in reference 46), and decreased expression in mouse models leads to tumor formation (69, 70) . Transformation and tumor development in vivo may not only be promoted by dysfunction among direct regulators of TGF-␤ signaling but also amplified by loss of p53 cooperativity at a subset of target genes. The interplay between these two major tumor suppressor pathways, their function through chromatin modification, and potential cell-specific activities may prove significant in future assessment of transformation, tumor development, and treatment.
